Abstract. Enhancing pedestrian safety and improving the design standards of pedestrian facilities at signalized intersection requires a clear understanding of pedestrian delay model and pedestrian crossing behaviours under mixed traffic condition. The existing delay models do not consider the behavioural constrains of pedestrians. This research has been undertaken with the aim of developing a suitable pedestrian delay model for signalized intersection crosswalks, based on considering actual pedestrian crossing behaviours. The required model parameters were extracted from the video-graphic survey conducted for the selected four signalized intersections in Mumbai (India). Crossing behaviours of pedestrians were examined through field data in terms of pedestrian arrival pattern, crossing speed, compliance behaviour and pedestrian-vehicular interactions. Based on pedestrian crossing behaviour analysis results, two new pedestrian delay estimation models were developed and the models were validated by comparing with field and existing model values. The performance level of the proposed models is showing more precise and reliable solutions. The first pedestrian delay model is developed on the basis of compliance behaviour, has two components, such as waiting time delay and crossing time delay. This model can be used to evaluate pedestrian Level Of Service (LOS) and signal timing optimization. The second developed pedestrian delay model is based on noncompliance behaviour, has three components, such as waiting time delay, crossing time delay, and pedestrian-vehicular interaction delay. This model can also be used to evaluate the quality of pedestrian flow, estimating accurate pedestrian delay and LOS for local conditions, which is representative of the prevailing pedestrian condition.
Introduction
Walking is still considered as a vital travel mode, though there have been many modes of motorized transportations. Significant attention is being given to walking, due to large amounts of pollution and congestion attributed to motorized transportations. To increase number of walking trips, there is a need for clear understanding of pedestrian behaviour under various conditions. Among various pedestrian facilities, signalized intersections are complex and high risk for pedestrians because pedestrians and vehicles are sharing the same road space in terms of crosswalks at signalized intersections. Various types of pedestrian control strategies, such as fixed time control, dynamic control, coordinated control and adaptive control are provided at signalized intersections based on pedestrian and traffic flow and geometric conditions. Fixed-time control signal is the most cost effective among all the strategies and is widely used at signalized intersections under mixed traffic conditions. A fixed time control for highly populated areas needs to be reconsidered since the flow of pedestrian traffic varies largely. Adaptive traffic control or optimization is required for better traffic control in such signalized intersections. The former needs complete rearrangement of the infrastructure of traffic control signals while the latter can be utilized with existing design.
Delay is the key parameter for signal timing optimization and Level Of Service (LOS) assessment at signalized intersections. It is essential to estimate delay more precisely with due consideration of all possible traffic parameters. Recently, majority of the studies have been focused on vehicle delay estimations and not on pedestrian delay estimations (Olszewski 1993; Mousa 2002) . Highway Capacity Manual (HCM 2010) , the most referred manual estimates pedestrian delay on the basis of signal cycle length and red phase duration with the assumptions of uniform pedestrian arrival rate, pedestrian compliance with signal, no variation in crossing speed and no interaction between pedestrian and vehicle. These assumptions are not suitable for developing countries under mixed traffic conditions where the pedestrians' behaviour is highly different and thus the model proposed by HCM (2010) is inefficient to estimate pedestrian delay at signalized intersections in India. Pedestrian delay at signalized intersection is difficult to estimate accurately because of pedestrian crossing behaviour and vehicular interactions. Hence, there is a need to develop pedestrian delay model, which is representative of the prevailing pedestrian situation for local conditions prevailing in India. The results of this study may be useful in determining LOS, signal timing optimization, evaluating the quality of pedestrian flow, providing safe and adequate crosswalk for local conditions, where pedestrians noncompliance are predominant.
This paper is organized as follows: Firstly, the existing studies on pedestrian crossing behaviours and pedestrian delay models with their limitations are discussed. Secondly, study objective, methodology and locations' details have been described. Thirdly, pedestrian crossing behaviours are analysed. This is followed by pedestrian delay models that have been developed using this analysis. Validation is then performed by comparing results from the proposed models with field values and existing model values. Finally, conclusions and recommendations for future studies are provided.
Review of Earlier Studies

Pedestrian Crossing Behaviour
Accurate estimation of pedestrian delay at signalized intersection is inherently complex because of varying pedestrian crossing behaviours, such as arrival pattern, crossing speed, noncompliance, and pedestrian-vehicular interaction under mixed traffic conditions. Major reason for failure of all existing models in highly populous city, such as Mumbai in India is to consider constant pedestrian crossing speed. This constant value of pedestrian crossing speed is not applicable for varying pedestrian crossing behaviour in India. The most referred recent Indian manual does not consider pedestrian crossing behaviour variation and delay model at signalized intersections (IRC: 103-2012) . Most of the studies on crossing speed variations consider only sidewalks (Al-Azzawi, Raeside 2008; Rastogi et al. 2011) .
Very few studies have identified crossing speed variations at crosswalks in signalized intersections (Gates et al. 2006; Huang, Ma 2010) . Most of the existing studies assumed non-uniform pedestrian arrival for pedestrian delay estimation (Li et al. 2005b; Yang et al. 2005; Xie et al. 2012; Nagraj, Vedagiri 2013) and also fail to estimate accurate pedestrian delay value at signalized intersections. Commonly, pedestrians are prohibited to enter crosswalk during flashing red and red phases. In developing countries like India, traffic conditions and pedestrian signal system are highly complex and pedestrians have been found to enter crosswalk to reduce waiting time delay during non-green phases. Some of the reasons of pedestrian noncompliance are mixed traffic conditions, low quality traffic management, pedestrian characteristics and complex signal system (Virkler 1998; Li et al. 2009; Chen et al. 2011; Jiang et al. 2011; Zhou et al. 2011) . Research works carried out on pedestrian delay due to pedestrian-vehicular interactions in crosswalks are very less (Ling et al. 2012; Xie et al. 2012) and most of the studies have ignored pedestrian delay received during green phases by vehicle interaction on crosswalks (Li et al. 2005a) . Therefore, in this paper mixed traffic conditions and pedestrian crossing behaviour are considered and proposed a new methodology to estimate pedestrian delay at signalized intersection.
Existing Pedestrian Delay Models
At present, HCM's (2010) pedestrian delay model is the most commonly used model to estimate pedestrian delay value at signalized intersections:
where: d p is the average pedestrian delay; C is the cycle length; G Walk,mi is the effective walk time for the phase serving the minor street through movement. The model is developed considering assumptions such, as uniform arrival rate of pedestrian, pedestrian comply with traffic signal, and fixed cycle length with the delay being dependent only on signal time. It is to be noted that these assumptions are not suitable for mixed traffic conditions prevailing on Indian roads. An alternative model (Braun, Roddin 1978) was developed by considering pedestrian noncompliance behaviour with respect to signal timings and the model is as follows:
where: F is the fraction of pedestrians who arrive during non-green phases and comply with traffic signals. This model assumes that the noncompliant pedestrian crosses the crosswalk without receiving any delay, which is not the scenario in reality where numbers of noncompliance pedestrians interact with vehicle and receive delay in crosswalk. Pedestrian-vehicle interaction delay has not been taken into account in this model. It was also identified that most pedestrians reduce the delay by noncomplying during clearance time (Virkler 1998) and the model developed with this into account is as follows:
where: A is pedestrian clearance time. This model has considered that 69% of pedestrians do not comply with traffic rules during clearance time thus making it inapplicable for all type of traffic conditions. Based on maximum pedestrian crossing rate, pedestrian delay model was developed (Oh, Sisiopiku 2000) and correction factor for arrival rate was calculated by using queuing theory. In this model, arrival pattern was not analysed with any distribution studies and model estimates only waiting time delay. Another delay model was developed based on pedestrian arrival pattern and noncompliance rate (Li et al. 2005b; Yang et al. 2005) , which is as follows:
where: d G is the average delay of pedestrians arriving during green phases; k NU is the adjustment factor for non-uniform arrival rate; k is the absolute value of the decreasing line's slope during non-green phase; R E is effective red time. This model does not considered interaction delay during pedestrian non-green phases. Correction factor used in this model's non-uniform arrival pattern has been made without performing statistical fitting tests. The correction factor used in this model thus fails to accurately estimate pedestrian delay and is also not applicable for high pedestrian flow scenarios. The same author (Li et al. 2005) used Monte Carlo method to estimate pedestrian delay based on vehicle generator and pedestrian generator. Pedestrian arrival rate was assumed to satisfy exponential distribution without any field data analysis to support and also has considered pedestrian noncompliance rate without interaction delay. Based on pedestrian arrival, a pedestrian delay model was developed (Kruszyna et al. 2006) , which considered the signal duration and arrival flow parameters for model development and neglected pedestrian behaviour. An improved pedestrian delay model was developed with a two stage crossing design (Wang, Tian 2010) , which is a modified form of HCM (2010) waiting time delay model and considered the same assumptions put forth in HCM (2010) pedestrian delay model. Simultaneously another delay model was constructed with pedestrian gathering and dissipating characteristics (Chen et al. 2010) . The model was compared with simulated results generated by VISSIM but the model was not validated with field data and also did not consider pedestrian crossing behaviour. The model was lacking generality and provided inaccurate delay value.
Recently, a delay model was developed by considering pedestrian arrival pattern and compliance rate (Nagraj, Vedagiri 2013) and it is as follows:
where: D g is the time difference between ideal time taken to cross and actual time; K c ·K nu is the factor showing compliance and non-uniform arrival rate. This model uses an arrival pattern, same as in Li et al. (2005b) studies, without distribution testing tests. Crossing time delay used in this paper was measured from field. Hence, review of existing pedestrian delay models show that the existing models might not be able to accurately estimate pedestrian delay values under mixed traffic conditions because of not considering pedestrian crossing behaviour. There is a need for a pedestrian delay model that incorporates pedestrian crossing behaviour characteristics and vehicular interactions under mixed traffic condition. This study is an attempt in this direction.
Study Objective
The objective of this paper is to develop suitable pedestrian delay estimation model at signalized intersections by considering pedestrian crossing behaviour and vehicular interactions under mixed traffic conditions. In view of this, crossing behaviour of pedestrians, such as pedestrian arrival pattern, crossing speed variation, pedestrian noncompliance, and pedestrian-vehicular interactions at crosswalk were analysed. Two different delay models have been developed to incorporate pedestrian behavioural characteristics.
Methodology
Two sets of data have been collected from the selected four signalized intersections. One set of data consists of pedestrian compliance with traffic signal and other consists of pedestrian noncompliance with signal and also pedestrian-vehicular interactions. With the data existing of pedestrian compliance with signal, first pedestrian delay model has been proposed and it has followed two components: (i) the average waiting time delay, based on modified HCM (2010) model by considering pedestrian non-uniform arrival rate and (ii) the crossing time delay, based on crossing speed variations. The data consisting of pedestrian noncompliance with signal and pedestrian-vehicular interaction is used to develop the second delay model and it has followed three components: (i) average waiting time delay, based on modified HCM (2010) model by considering pedestrian noncompliance rate, (ii) the crossing time delay, and (iii) the pedestrian-vehicular interaction delay, based on developed Binary Logit (BL) model. The proposed models have been validated using field data and compared with existing delay models.
Data Collection
Data were collected from the highly populous metropolitan city, Mumbai (India). Data collection duration and number of crosswalks were fixed on the basis of existing studies. In existing studies, the selected number of crosswalks varies from one to fourteen. Inference from literature studies, approximately six to ten crosswalks are suitable for analysing pedestrian crossing behaviour and model development (Li et al. 2005b; Yang et al. 2005; Kruszyna et al. 2006; Huang, Ma 2010; Nagraj, Vedagiri 2013) .The study locations are Holkar junction (A), Mahim junction (B), Samaj junction (C) and Vivekanand junction (D), which are located at the central part of Mumbai city and details of selected six crosswalks are shown in Figure. Signalized intersection sites chosen were of a typical four-arm type with fixed traffic signal cycle lengths. Based on pedestrian flow and geometric characteristics, the major and minor crosswalks were selected at location A and B and major crosswalks were selected at locations C and D for study purpose. The observed field data for bi-directional pedestrian flow and vehicle volume from the selected sites are shown in Table 1 .
The percentage composition of two wheelers, auto-rickshaws, cars, buses, trucks, LCVs and bi-cycles are 12, 19, 54, 8, 2, 3 and 1, respectively from all locations.
Data were collected using a video recording device during peak hour. From the video recording, information about pedestrian volumes, crossing time, crosswalk length, crossing locations (whether using the crosswalk or not using), pedestrian phase time (whether in green phase, flashing red phase and red phase), crossing behaviours (such as walking or running, alone or platoon and walking speed), pedestrian appearance character (like gender and age group by visual appearance) and pedestrian-vehicle interactions were collected. Using ALLCapture software (http://www.allcapture.com), the required pedestrian sample data were extracted.
Pedestrian Crossing Behaviour Analysis
At present, there is no proper pedestrian crossing behaviour model at signalized intersections under mixed traffic conditions. An attempt has been made in this paper to analyse pedestrian crossing behaviour by considering actual field conditions, like pedestrian arrival pattern, crossing speed, possible noncompliance behaviour of pedestrians, and pedestrian-vehicle interaction on crosswalk from field observed data.
Pedestrian Arrival Pattern
HCM (2010) assumed that pedestrians arrival pattern follows uniform pattern and pedestrian delay model was developed at signalized intersections. But the assumption is not suitable for all conditions and it depends on pedestrian arriving volume at signalized intersections (Marisamynathan, Vedagiri 2013) . In existing studies, pedestrian signal time was divided into several equal sub-phases for one hour and arrival pattern were tested and it clearly shows that the arrival pattern follow a non-uniform arrival pattern at Mumbai (India) (Marisamynathan, Vedagiri 2013) . Pedestrian arrival pattern has been analysed from both directions of pedestrian crossing movements and totally 12 directional movements were examined from 6 crosswalks for suitable distribution fitting by using the Minitab 16 software (http://www.minitab.com). It was observed from the results that, if the pedestrian arrival rate per direction is less than 80 ped/hr, it follows Poisson distribution and if the pedestrian arrival rate per direction is greater than 80 ped / hr, then it follows negative binomial distribution. The reason the data do not follow uniform distribution is due to the crossing of pedestrians in platoon rather than as individuals and bunching of arrivals. The assumption of uniform arrival pattern fails to estimate accurate delay and the correction factor for pedestrian non-uniform arrival pattern was introduced based on field data with respect to pedestrian arriving volume. The correction factor for non-uniform arrival pattern is the average of the ratio between actual pedestrian arrival rate Q at sub-phase interval i, and uniform pedestrian arrival rate q at the same sub-phase interval. The correction factor is as follows:
The linear relationship between a 1 and number of pedestrians arriving during non-green phase per hour V on crosswalk of signalized intersections was developed from field data and it can be expressed by:
The correction factor is applicable for all types of signalized intersections with mixed traffic conditions. Waiting time delay can be estimated accurately with the use of the above mentioned correction factor.
Pedestrian Crossing Speed
In India, the present design practice in estimating pedestrian delay at signalized intersection is based on the assumption that constant pedestrian walking speed is equal to 0.95 m/s (IRC: 103-2012). The field study conducted in Mumbai shows that the crossing speed of pedestrians varies largely from the assumed constant value. Crossing speed is defined as the crossing distance divided by crossing time. Two lines were drawn in starting and ending point of the crosswalk and pedestrian foot moments (start to end) were followed individually to estimate the crossing time of particular pedestrian at crosswalk by using ALLCapture software.
ANOVA test and Student's t-test were performed to identify the influencing factors for crossing speed variations at 99% confidence interval by using SPSS 16.0 (http://www.ibm.com/software/analytics/spss). The main factors analysed in statistical test were pedestrian gender, age group, number of pedestrian, traffic signal, and using crosswalk marking. Statistical test results are shown in Table 2 . Statistics indicate that pedestrian gender, age group, and number of pedestrian in-group are the significant factors for pedestrian crossing speed variations.
From Table 2 , the following inferences are made. The average crossing speed of a male pedestrian (1.34 m/s) is more than a female pedestrian (1.26 m/s). As expected, adult pedestrian (of age from 18 years to 60 years) crossing speed (1.34 m/s) is more than that of an old pedestrian (of age > 60 years) crossing speed (1.21 m/s). No major variation between Green phase crossing speed (1.34 m/s) and red phase crossing speed (1.31 m/s). Platoon or group of pedestrians crossing speed (1.21 m/s) is less than that of a single pedestrian crossing speed (1.38 m/s).
The 15th and 85th percentile crossing speed is varying from 0.95-1.12 m/s and 1.43-1.66 m/s respectively. Crossing time delay can be estimated accurately with the use of the above mentioned 15th percentile crossing speed.
The field value (1.34 m/s) was found to be nearly equal to field value of 1.33 m/s measured in China (Li et al. 2005b; Yang et al. 2005) and also compared with other international crossing speed values of 1.21 m/s for US (Gates et al. 2006 ), 1.15 m/s for Malaysia (Rahman et al. 2012 ), 1.45 m/s for Hong Kong (Lam et al. 2002) and 1.8 m/s for London.
Pedestrian Compliance Behaviour
From the field observed data, it was observed that, out of 1407 pedestrians sampled, there were a total of 806 pedestrians who have non-compliance with traffic signal and crossed during the red phase. During pedestrian non-green phases, arriving pedestrians attempt to cross the crosswalk by finding suitable gap from vehicles across each lane in the crosswalk. Reasons for pedestrians' noncomplying with traffic signal were to reduce more waiting time delay, less time for pedestrian green phase and less vehicle flow, where pedestrians get suitable vehicular gap.
Pearson's correlation test was performed to identify the factors influencing pedestrian noncompliance behaviour at 95% confidence interval. The main factors analysed in statistical test were pedestrian gender, age group, number of pedestrian, direction of movement, crossing speed and using crosswalk marking. Of the main effects, the most significant were: crosswalk marking (R = 0.177, p = 0.000), gender (R = -0.113, p = 0.001), and group size (R = 0.070, p = 0.042). The following inferences were made from the statistical results. Male pedestrians were more likely to be noncompliant with traffic signal. It the crosswalk marking is present, most of the arriving pedestrians comply with traffic signal.
According to the observations, the average proportion of pedestrians non-complying with the traffic signal is found to be 57.29% in the selected sites. Average pedestrian non-compliance in Mumbai has also been compared with results from studies performed by Virkler (1998) (69% for Columbia) and Li et al. (2005b) (67% for China). It is inferred, that in developing countries, the average pedestrian noncompliance rates are more or less the same, which requires special attention and modification in pedestrian delay estimation process. These modification models can give truer picture on pedestrian delay at intersections and also useful to take suitable corrective measures to enhance safety at signalized intersections.
Pedestrian-Vehicular Interaction
Pedestrian-vehicular intersection delay is defined as 'extra crossing time taken by pedestrian due to vehicular interaction with pedestrian at crosswalk during pedestrian green and non-green phase' . During pedestrian green phase or vehicle flashing green phase, vehicle interactions occur with pedestrians due to driver's noncompliance behaviour. During pedestrian non-green phase or pedestrian flashing green phase, pedestrian interactions occur with vehicle due to pedestrian noncompliance behaviour.
Sometimes drivers stopped the vehicles or reduced the vehicle speed and give way to noncompliant pedestrians. According to the above explanation, there are only two possible outcomes: pedestrian receives either delay or not due to vehicular interaction in crosswalk. Therefore, a BL model was considered to find the probability of interactions between pedestrian and vehicle. . . .
where: ( ) n P y is probability that pedestrian n receive interaction delay; x is characteristics that determine the probability of discrete outcome for pedestrian n; b p is estimating parameter; p is number of independent variables.
80% of pedestrian data were used for pedestrianvehicular interaction model calibration and remaining 20% data were used for model validation. To determine influence factors of pedestrian-vehicular interaction, a Pearson's correlation analysis was calculated between ten parameters by SPSS 16.0 and identified four factors had significant effects and results are shown in Table 3 . Pedestrian crossing behaviour has been studied in this section under the collected field data. These results would be used in the development of the proposed models mentioned in the following section. Notes: a correlation is significant; b correlation is not significant (at 99% of confidence level); * children age group data is not sufficient to model.
Proposed Pedestrian Delay Models
Delay is a measure of effectiveness parameter for determining LOS at signalized intersections. New methodology has been proposed for estimating average pedestrian delay at two different kinds of signalized intersections. They differ from each other in the factor of pedestrianvehicular interactions. First model estimates pedestrian delay based on pedestrian compliance behaviour and the second model estimates based on pedestrian noncompliance behaviour with vehicular interaction at signalized intersections.
Modelling Pedestrian Delay Based on Pedestrian Compliance Behaviour
First model is developed, based on data represent pedestrians' compliance with traffic signal and no pedestrianvehicular interactions. This delay model has two components, which are the average waiting time delay, and the crossing time delay. Incorporating correction factor for non-uniform arrival pattern and crossing speed variations, the new model is developed and it as follows:
where: D PC is overall average pedestrian delay at signalized intersections; D WT is average waiting time delay during non-green phases per pedestrian; D CT is average crossing time delay per pedestrian.
Waiting Time Delay
Pedestrian arrival pattern has been found to be non-uniform. HCM (2010) waiting time delay (Eq. (1)) model which relies on the assumption of uniform arrival rate was modified to account for the non-uniform arrival rate under mixed traffic conditions by including the correction factor (Eq. (6)) as follows:
where: value of (C-G) is the effective red time; a 1 is correction factor for non-uniform arrival rate and this value is calculated from Eq. (7); C is cycle time; G is pedestrian green time.
Crossing Time Delay
Pedestrian crossing time delay is time difference between actual field crossing time and ideal crossing time. Ideal crossing time is the ratio between crosswalk length and pedestrian 15th percentile crossing speed. A simple method is introduced to calculate crossing time delay accurately with less time involved. From various field data, actual crossing time and ideal crossing time were calculated. A new correction factor for pedestrian actual field crossing time g is introduced and defined as the ratio between actual crossing time and ideal crossing time:
where: t A is pedestrian actual field crossing time; t I is average pedestrian ideal crossing time,
is length of crosswalk; V 15 is 15th percentile crossing speed; g is correction factor for pedestrian actual field crossing time.
The linear relationship between V 15 and correction factor for pedestrian actual field crossing time g on crosswalk was developed by using all observed field data and it can be expressed by:
Pedestrian crossing time delay can be calculated by:
Using the V 15 value from the field data, g-value can be calculated based on Eq. (14). Pedestrian crossing delay has been calculated with ideal crossing time and the correction factor g. This method of estimation is simple, quick and more accurate. Final pedestrian delay model based on pedestrian compliance behaviour is as follows:
where: D PC is overall average pedestrian delay at signalized intersections. The developed delay model was different from existing models in terms of incorporating arrival pattern and crossing speed variations. This model can be useful in assessing the performance and adequacy of existing signalized intersections, developing appropriate crosswalk design and LOS at signalized intersections.
Modelling Pedestrian Delay based on Noncompliance Behaviour with Vehicular Interaction
The second pedestrian delay model is developed based on the pedestrian non-compliance behaviour by considering pedestrian-vehicular interaction. This model is applicable where pedestrian noncompliance is predominant. This model has three components. First component is average waiting time delay considering pedestrian non-compliance, second component is crossing time delay, and third component is the pedestrian-vehicular interaction delay. The proposed new model is described as follows:
where: D PNC is overall average pedestrian delay at signalized intersections based on pedestrian noncompliance behaviour and vehicular interaction; D WT_NC is average waiting time delay during non-green phases per pedestrian considering pedestrian non-compliance rate; D CT is average crossing time delay per pedestrian; D PVIT is average pedestrian-vehicular interaction time delay during pedestrian green and non-green phases per pedestrian.
Waiting Time Delay with Pedestrian Non-Compliance
Pedestrians non-complying with the traffic signals are utilizing the effective red time without waiting at the waiting areas in signalized intersections. During estimation of pedestrian waiting time delay, utilized red time by noncompliant pedestrians is reduced from effective red time. So, the value of effective red time
R was calculated based on pedestrian non-compliance rate and by also utilising the modified form of HCM waiting time delay model. This model is described as follows:
where: a 2 is percentage of pedestrian start crossing during non-green phases; R is pedestrian red time; a 1 is value calculated by using Eq. (7). If the pedestrians are comply with traffic signal, the value of a 2 becomes zero in waiting time delay estimation. Crossing time delay D CT is calculated by using same method explained under Section 6.1 using Eq. (15).
Modelling Pedestrian-Vehicular Interaction Delay
While signal non-complying, the pedestrians interact with vehicles in the crosswalk or at the median and receive waiting time delay. These influencing factors of pedestrian-vehicular interaction delay are identified by conducting correlation coefficient test and also using the results from Table 3 . Based on these four significant factors, pedestrian-vehicular interaction delay model is developed. The probability of receiving delay in crosswalk is based on utility function and the model is mentioned in Eq. (19). A BL model was developed in NLOGIT 4 software (http://www.limdep.com) by using 80% of pedestrian samples and the model is described as follows:
( ) 1.3687 0.7988 0.6802
where: x 1 is pedestrian platoon size (t = 3.112, p = 0.001); x 2 is pedestrian traffic signal (t = 3.180, p = 0.001); x 3 is time difference between pedestrian enter crosswalk and first vehicle arriving crosswalk (t = -8.559, p = 0.000); x 4 is number of interacting vehicles (t = 6.359, p = 0.000). The probability of a pedestrian receiving delay at a crosswalk is calculated from Eq. (8). Binary logit model variables are significant in p-value (<0.01) and t-value (>2.58) statistical test. Accurately predicted value is 94.43% with 0.7331 and 0.8183 values of McFadden pseudo R-squared and Estrella R-values respectively. Therefore, the developed binary logit model could provide a good prediction for pedestrian-vehicular interaction delay at crosswalk. The linear relationship between probabilities of pedestrians interact with vehicles P and average pedestrians-vehicular interaction delay D PVIT at crosswalks were developed and it can be expressed by:
11.189
1.0713
By using equation the average pedestrian-vehicular interaction delay has been calculated based on probability of pedestrian interact with vehicle in crosswalk. The developed delay model is as follows:
where: D PNC is overall average pedestrian delay at signalized intersections based on pedestrian noncompliance behaviour and vehicular interaction. This model can be useful when evaluating the quality of pedestrian flow, providing safe and adequate crosswalks, estimating accurate pedestrian delay and LOS for local conditions, which is representative of the prevailing pedestrian condition.
Validation of Developed Delay Models
From collected data, 80% of training data were utilized for development of pedestrian delay models and remaining 20% data were utilized for validating the developed models. Individual delay components and overall average pedestrian delay values of both models were estimated and compared with measured field component's delay values for training data and validation data and shown in Table 4 . Table 4 shows that the estimated values were close to field values. The minimum difference between the values proves that the new models have high accuracy in estimation of actual pedestrian delay.
Comparison of Developed Models with Existing Models
Statistical performance level of proposed models were analysed by using Origin Pro 9 software (http://www. originlab.com/originpro) and compared with existing models. Mean Absolute Percentage Error (MAPE), Root Mean Square Error (RMSE), coefficient of correlation (Pearson's R), and coefficient of determination R 2 were compared between values from proposed models and existing models with field data and results are shown in Table 5 for training data and validation data. From Table 5, HCM (2010) model estimation delay values were higher than the field delay values, since non-uniform arrival rate and crossing speed variations of pedestrian were not considered in these models whereas the estimated values by developed pedestrian delay model based on compliance behaviour are much closer to field value. MAPE and RMSE error values of proposed pedestrian delay model are very less compared to the HCM (2010) model. So, the proposed new pedestrian delay model is based on compliance behaviour has more advantages than the existing models, because it is considering nonuniform pedestrian arrival pattern by establishing a 1 , and crossing speed variation by introducing g. Braun and Roddin (1978) , Li et al. (2005b) , Yang et al. (2005) , and Nagraj and Vedagiri (2013) models predict higher delay values than the field value due to consideration of delay reduction due to pedestrian noncompliance rate and not considering pedestrian-vehicular interaction delay.
The existing models fail to predict the field delay accurately. The estimated value of developed delay model based on pedestrian noncompliance behaviour with vehicular interaction was reasonably closer to field delay indicating that this model has better estimation than other models with 0.982 coefficient of determination. Therefore, the proposed new pedestrian delay model based on pedestrian noncompliance behaviour with vehicular interaction has few more advantages over the existing models, such as considering pedestrian behaviour by introducing non-compliance factor a 2 , and considering traffic conditions by establishing BL model for pedestrian-vehicular interaction. Finally, the performance results of proposed models provide more precise and reliable solutions.
Conclusions
It has been verified in this paper that the estimates of pedestrian delay from the existing models do not always match with the reality under mixed traffic conditions. In view of this, the authors have proposed and developed two new delay models for calculating pedestrian delay at signalized intersections by considering pedestrian crossing behaviour under mixed traffic conditions. Based on conducted video-graphic survey at a typical four arm, signalized intersections in Mumbai (India), pedestrian crossing behaviour have been analysed and the following conclusions are drawn. Pedestrian gender, age and platoon had significant effect on pedestrian crossing speed variations. The design crossing speed is varying from 0.95 m/s to 1.12 m/s and the correction factor for pedestrian actual crossing time was introduced.
The rate of pedestrian noncompliance was found to be 57.29% in the selected sites. The rate of noncompliance of male pedestrian is more than female pedestrian. The reasons were to reduce more waiting time delay, less pedestrian green time, less vehicle flow and absent of traffic assistants.
BL model was developed with significant parameters for finding the probability of pedestrian receiving vehicular interaction delay in crosswalks. Accurately predicted value is 94.4% with 0.733 McFadden pseudo R-squared values. The linear relation between probability and average pedestrian interaction delay was developed with 0.97 R-square value at crosswalk.
Based on crossing speed variation and non-uniform arrival rate, a new pedestrian delay model based on compliance behaviour has been developed for delay estimation. Considering crossing speed variation, arrival rate, pedestrian non-compliance rate and interactions behaviour, another new pedestrian delay model based on noncompliance behaviour with vehicular interaction has been developed. Both models were validated with field data and percentage of difference is less. Finally, compared with existing models, and the results indicate that the new models can provide more accurate and reliable solutions with less error. Validate the developed models with data from other cities as future scope of the present work.
Recommendations
This study is expected to help traffic engineers and policy makers understand pedestrian crossing behaviour and delay model under mixed traffic conditions at signalized intersections. The authors opine that the developed new pedestrian delay model based on compliance behaviour is applicable to traffic conditions of developed and developing countries and useful when optimizing traffic signal control and evaluating pedestrian LOS at signalized intersections but when the pedestrian-vehicular interactions occur, the model fails to estimate delay accurately.
To overcome this shortcoming, the new pedestrian delay model based on pedestrian noncompliance behaviour with vehicular interaction is developed and is best suitable for developing countries like India where pedestrian noncompliance are predominant and pedestrian-vehicular interaction are frequent. This model can be useful when evaluating the quality of pedestrian flow, designing facilities, providing safe and adequate crosswalks at signalized intersections. The developed delay model based on noncompliance and interaction is representing the prevailing pedestrian situation, which help policy makers to take suitable corrective and management measures.
